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Polyethylene glycol reduces the inflammatory injury due to The cell damage and inflammatory response in kidney
cold ischemia/reperfusion in autotransplanted pig kidneys. recipients caused by initial cold ischemia/reperfusion in-
Background. The conditions of storage of donor kidney may jury (IRI) can lead to delayed graft function (DGF) andinfluence the deleterious consequences of ischemia/reperfusion
sustained renal allograft rejection [1]. Improvements ininjury (IRI) on delayed graft function. Since polyethylene gly-
cold-storage conditions have improved the quality ofcol (PEG) can protect renal tubule cells against cold injury, we
tested the effects of adding PEG 20 kD to ice-cold preservation kidneys and other organs for transplantation, but despite
solutions on the IRI of autotransplanted pig kidneys. the more general use of the University of Wisconsin
Methods. The pigs’ left kidneys were removed, cold-flushed (UW) solution, a substantial percentage of preservedwith University of Wisconsin (UW) or simplified high K or
organs (about 5 to 15% for liver recipients and 20 tohigh Na solutions with or without 30 g/L PEG 20M and stored
30% for kidney recipients) still do not function well whenfor 48 hours at 4C. The kidneys were then autotransplanted
and the contralateral kidneys were removed. Kidney biopsies transplanted [2].
were then performed and renal function parameters were ana- Cold ischemia and reperfusion induce injury of renal
lyzed over 8 to 12 weeks following surgery.
grafts characterized by acute tubular necrosis (ATN)Results. The kidneys cold-flushed with PEG-supplemented
followed by the rapid infiltration of mononuclear cells,solutions on day 7 post-transplantation were better preserved
and exhibited less marked nuclear tubular cell damage than the activation of monocytes/macrophages, the up-regula-
the kidneys cold-flushed with the UW solution alone. PEG tion of major histocompatibility complex (MHC) class
also almost completely inhibited the overexpression of major II antigens and the overexpression of T cell-associated
histocompatibility complex class II that was detected in epithe-
cytokines [3–5]. Many efforts have been made to improvelial tubule cells from kidneys cold-flushed with the UW solu-
the quality of preserved organs by adding protectivetion. PEG also significantly reduced the number of CD4 T
lymphocytes and limited the infiltration of macrophages/mono- agents or by modifying the ionic composition of the pres-
cytes and the progression of interstitial fibrosis in the 8- to ervation solutions [6, 7]. We have previously shown in
12-week post-transplanted kidneys. Moreover, pigs autotrans- a model of autotransplanted large pig kidneys that theplanted with kidneys flushed with PEG-supplemented solu-
anti-ischemic drug trimetazidine (TMZ) reduces renaltions had the best renal function and the lowest levels of pro-
dysfunction and limits the occurrence of interstitial fi-teinuria.
Conclusions. These findings indicate that PEG inhibits the brosis to a certain extent [6, 8, 9]. However, TMZ does
early inflammatory response due to IRI, improves renal func- not completely inhibit the massive influx of inflammatory
tion, and may prevent the progression of interstitial fibrosis in
cells or the onset of interstitial fibrosis in post-trans-the long-term autotransplanted pig kidney.
planted pig kidneys [9]. Polyethylene glycol (PEG),
which is known to reduce osmotic cell swelling and pre-
vent lipid peroxidation [10, 11] as reflected by the de-1 Drs. Hauet and Goujon contributed equally to this work.
crease in malondialdehyde production [12], can protect
Key words: transplantation, organ storage, MHC class II, reperfusion
renal tubule cells against cold injury. This compound hasinjury, delayed graft function, cold organ injury, interstitial fibrosis,
renal allograft rejection. also been shown to mitigate the immune response in trans-
planted small bowel, heart or liver recipients [13–15].
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cell infiltration in reperfused pig kidneys 7 days after mediately flushed with preservation solution and stored
for 48 hours at 4C. A heterotopic autotransplantationautotransplantation compared to classical Euro Collins
or University of Wisconsin (UW) solutions [16]. PEG is was then performed via the midline incision. End-to-side
aorta and vena cava anastomoses, just above the iliacable to form reversible complexes with cell membrane
lipids [17], and can bind to a variety of cell surface anti- bifurcation, were performed using 5.0 propylene sutures
(Prolene; Ethicon, Neuilly, France). Ureteroneocystos-gens [18, 19]. Murad et al have shown that camouflaging
antigens by cell surface pegylation of red cells inhibits the tomy was performed; a double pigtail stent was inserted
to avoid urine retention and the contralateral kidneyactivation of signals initiating T-cell activation, cytokine
production and T-cell proliferation [20, 21]. These was removed. All experiments were carried out in accor-
dance with the Guidelines of the French Agriculturalauthors also demonstrated that mixed lymphocytes’ reac-
tions using modification of peripheral blood mononu- Office and the legislation governing animal studies. Any
animals that died during the 12-week follow-up periodclear cells membranes from HLA class II human dispa-
rate donors with methoxy PEG abolishes allospecific were autopsied. All animals that died from causes other
than renal failure, or that developed renal artery, veinMHC class II-mediated lymphocyte T cell activation [21].
This leads us to wonder whether adding PEG to preser- or ureter problems were excluded.
vation solutions could reduce the number of infiltrating
Experimental groupsmononuclear T cells and/or alter the expression of MHC
class II and improve the function of reperfused cold- After removal, the kidneys were immediately perfused
either with 300 to 500 mL of standard iced-UW solutionstored kidneys. We used a model of the autotransplanted
large pig kidney, the most promising non-human organ (DuPont Pharmaceuticals, Paris, France), intracellular-
like (IC) or extracellular-like (EC) solutions either alonefor xenotransplantation, to monitor several parameters
and perform serial kidney biopsies over a long period or supplemented with 30 g/L PEG 20 kD (ICPEG and
ECPEG). The preservation solutions used had the fol-following autotransplantation [9]. Preserved kidneys
were cold-flushed and stored at 4C for 48 hours by using lowing compositions: UW (30 mmol/L Na, 125 mmol/L
K, 5 mmol/L Mg2, 5 mmol/L SO24 , 25 mmol/Leither the classical UW solution or with simplified high
K- or high Na-enriched solutions with or without HPO24 , 30 mmol/L raffinose, 100 mmol/L lactobionate,
5 mmol/L adenosine, 3 mmol/L glutathione, 1 mmol/LPEG. The main findings of this study demonstrated that
adding PEG to preservation solutions, particularly to the allopurinol, hydroxyethyl starch 50 g/L, pH 7.4, 320
mOsm); IC (118 mmol/L K, 5 mmol/L Na, 25 mmol/Lhigh Na simplified solution, greatly reduced the rapid
influx of inflammatory cells and the expression of T lym- HCO3 , 1.20 mmol/L Mg2, 1.75 mmol/L Ca2, pH 7.3,
300 mOsm); ICPEG [IC solution supplemented with 30phocytes and MHC class II, and inhibited the progression
of interstitial fibrosis in autotransplanted pig kidneys. g/L PEG 20 kD (340 mOsm)]; EC (118 mmol/L Na, 5
mmol/L K, 25 mmol/L HCO3, 1.20 mmol/L Mg2, 1.75
mmol/L Ca2, pH 7.3, 300 mOsm); and ECPEG [EC
METHODS
solution supplemented with 30 g/L PEG 20 kD (340
Surgical Procedures mOsm)]. In all cases, PEG was added without any other
pharmacological additives. The kidneys were then storedLarge white male pigs (INRA; Le Magneraud, Sur-
ge`res, France) were prepared as previously described in the various preservation solutions described above for
48 hours at 4C before autotransplantation. The experi-[8]. All animals were fed a standard diet (Socie´te´ Arrive,
Saint Fulgent, France) and had free access to tap water. mental procedures for cold-preservation were designed
as a randomized double-blinded trial. Animals were di-Rapid preoperative tranquilization was achieved by the
quick and atraumatic nasal administration of 0.2 mg/kg vided into seven groups as follows: warm ischemic/reper-
fused (WIR) control group (age-matched uninephrec-of midazolam (Laboratoire Roche, Neuilly-sur-Seine,
France). The animals were then anesthetized with halo- tomized pigs plus in situ clamping of the renal artery for
30 min followed by reperfusion without cold-storage ofthane (Laboratoire Belamont, Paris, France) and 100%
oxygen. The surgical procedures were performed under the contralateral kidney, N  5); uninephrectomy group
(left uninephrectomy, N  6); UW group (transplantedsterile conditions. A 20-gauge plastic catheter (Becton
Dickinson Vascular Access Inc., Sandy, UT, USA) was kidneys cold-flushed with the UW solution alone, N 
12); IC group (transplanted kidneys cold-flushed withinserted into an ear vein. Atropine sulfate 10 g/kg was
given intravenously to reduce pharyngeal and tracheal the IC solution alone, N  8); EC group (transplanted
kidneys cold-flushed with the EC solution alone, N secretion, and to prevent post-intubation bradycardia.
The left renal vascular pedicle and ureter were atraumat- 8); ICPEG group (transplanted kidneys cold-flushed
with the ICPEG solution, N  12); and ECPEG groupically isolated and 100 U/kg of heparin sodium was intra-
venously administered 10 minutes prior to nephrectomy. (transplanted kidneys cold-flushed with the ECPEG so-
lution, N 12). The standard Euro-Collins was not usedFollowing left-sided nephrectomy, the kidney were im-
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Table 1. List of antibodies used
Antibody Ref. Origin Isotype Specificity
Mouse anti-human CD106 MCA907B Serotec Products (Oxford, UK) IgG1 VCAM-1
Mouse anti-human HLA-DR,  chain M746 Dakopatts Products IgG1 Dendritic cells, B lymphocytes,
(Copenhagen, Denmark) macrophages
Mouse anti-porcine MCH class II MCA1335 Serotec Products IgG2b MCH class II
Mouse anti-porcine macrophages and MCA1218 Serotec Products IgG2b Monocytes/macrophages
neutrophils
Mouse anti-porcine CD4 MCA1749 Serotec Products IgG2b T helper lymphocytes
Mouse anti-porcine CD8 MCA1223 Serotec Products IgG2a T cytotoxic/suppressor lymphocytes
The two anti-human antibodies used cross-reacted with the pig species.
in this study because we have previously shown that this expressed as a percentage of the total surface area
examined.standard solution is much less efficient than UW for the
preservation of pig kidneys [8, 9, 16].
Immunohistochemical studies
Functional parameters Frozen and paraffin-embedded kidney biopsy sections
(5 m) from biopsies were processed for indirect immu-Endogenous creatinine clearance (CCr, expressed in
mL/min), fractional excretion of sodium (FENa, ex- nohistochemistry using several mouse monoclonal anti-
bodies (mAbs, dilution 1:20). Sections were deparaf-pressed in %) and urinary proteins were measured as
previously described [8, 9]. Pigs were placed in a cage fined, rehydrated, heated in a pressure cooker containing
citrate buffer pH 6 to the boiling point for two minutes.to allow specific 24-hour urine collections. Plasma (PCr)
and urinary (UCr) creatinine were measured enzymati- The sections were then cooled, rinsed in PBS and pro-
cessed for indirect immunohistochemistry as previouslycally (Crea; Johnson and Johnson, Rochester, NY, USA)
and CCr was calculated using the formula: urinary flow described [8, 9] by using the antibodies listed in Table
1. As the control, we checked that the germinal cellsrate (UFR)  UCr/PCr. FENa was calculated using the
formula: (urinary Na  UFR/plasma Na)/glomerular from pig lymph nodes were positively stained by the
anti-MHC class II antibody used in this study (Fig. 4A).filtration rate  100. Urinary and plasma Na levels
were measured by flame photometry and urinary pro- Indirect immunofluorescence also was performed by us-
ing an anti-human vascular cell adhesion molecule-1teins were determined using a photometry method (La-
boratoire Biorea, Talant, France). (VCAM-1) antibody (Table 1) [9]. All sections were
examined under blinded conditions and photographed.
Histological studies The degree of MHC class II and VCAM-1 staining
was semiquantitatively estimated and the number ofKidney fragments obtained by ultrasonographyguided
biospy performed at various times after surgery were MCA1218, CD4 and CD8 labeled cells per surface
area (104/m2) was counted on five different tissue sec-processed for light microscopy. Biopsy samples from the
deep cortex-outer medulla region of the kidney were tions for each of the experimental conditions as de-
scribed [9].fixed in Dubosq-Brazil and 10% formalin in phosphate-
buffered saline (PBS), embedded in paraffin and stained
TUNEL method and electron microscopy analysiswith hematoxylin and eosin (H&E), periodic acid-Schiff
(PAS). Three basic morphological patterns typical of The TdT-mediated dUTP-biotin nick end labeling
(TUNEL) method was used to identify apoptotic cellsproximal tubule cells lesions (Table 3) and the degree
of interstitial edema affecting a certain percentage of [23]. Briefly, deparaffined sections from biopsy samples
were rehydrated in ethanols, digested with proteinase Ksurface area (0, none; 1, 10%; 2, 10 to 25%; 3, 50 to
75%; 4, 	75%) were evaluated on five different PAS- (20 g/mL in PBS for 10 min at room temperature),
rinsed and then incubated with biotinylated dUTP andstained tissue sections using a semiquantitative graded
scale as previously described [8]. Tissue sections (5 m) TdT enzyme for one hour at 37C according to the manu-
facturer’s instructions (apoTACS; R & D System Eu-also were labeled with Picro sirius, known to stain colla-
gens I and III deposited within the interstitium and rec- rope, Abingdon, UK). The reaction was visualized using
the apoTACS substrate kit (R & D System Europe).ommended for the diagnosis of renal injury [22]. The
degree of interstitial fibrosis stained with Picro sirius was Kidney sections treated with TACS nuclease were used
as positive controls.determined by a semiquantitative imaging technique.
The percentage of Picro sirius stained surface were mea- Kidney biopsies performed 7 days after the trans-
plantation were fixed and processed for transmissionsured on five different tissue sections viewed at 100
magnification for each experimental condition, and electron microscopy as described [8]. The percentage of
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Table 2. Pig body and kidney weights and animal loss after surgery
Experimental groups Uninephrectomy WIR UW IC EC ICPEG ECPEG
Number of pigs 6 5 12 8 12 12 12
Pig weight kg 43
2 41
2 46
2 44
3 45
4 44
5 42
3
Kidney weight g 130
9 129
7 140
8 137
10 134
8 134
10 137
8
Animal loss after surgery 0 0 4 8 12 0 0
Pig body weights and single kidney weights for each of the experimental groups are described in the Methods section. The values reported are the mean
SE
from (N ) measurements in each group. Abbreviations are: WIR, warm ischemia reperfusion; UW, University of Wisconsin solution; IC, intracellular-like solution;
EC, extracellular-like solution; PEG, polyethylene glycol.
altered nuclei exhibiting nuclear condensation, loss of
the nuclear membrane and/or fragmentation of the nu-
clear chromatin and the degree of brush-border lesions
were estimated over a total of 100 cells (magnification,
3000) for each of the experimental conditions. The
degree of mitochondrial injury examined at high magni-
fication (10,000) also was determined using a semi-
quantitative graded scale (Table 3).
Statistical analysis
Values are reported as the mean 
 SEM. Statistical
differences between groups were calculated using un-
paired t test or analysis of variance and the Student-New-
man-Keuls test or the Kruskall-Wallis test for multiple Fig. 1. Effects of cold-ischemia and polyethylene glycol (PEG) on the
comparison analyses. A P value 0.05 was considered glomerular filtration rate. Creatinine clearance was measured in uni-
nephrectomized animals (Uninep.,), the remaining kidneys from uni-significant.
nephrectomized animals subjected to warm ischemia (WIR, ) and in
pigs autotransplanted with kidneys cold-flushed with the University of
Wisconsin (UW; ), ICPEG () or ECPEG () solutions. Values
RESULTS reported are the mean 
 SE from 6 to 12 separate measurements in
each group.Effect of cold-storage conditions on survival
A total of 63 pigs underwent kidney transplantation,
simple uninephrectomy or ischemia reperfusion without
PEG improves renal parameters of post-transplantedcold preservation of the remaining kidney. Total body
pig kidneysand kidneys weights were not significantly different
between groups (Table 2), but the outcomes after The levels of CCr from the uninephrectomized animals
autotransplantation, uninephrectomy without or with were significantly (P  0.01) lower (114 to 138 mL/min)
warm ischemia/reperfusion did differ markedly between than in intact pigs of the same weight (165 to 210 mL/
groups (Table 2). Four pigs autotransplanted with kid- min), but remained stable over the 12 weeks following
neys cold-flushed with the UW solution (UW group) surgery (Fig. 1). One week after surgery, pigs autotrans-
died on post-operative days 6 and 10. All the animals planted with kidneys cold-flushed with the UW solution
autotransplanted with kidneys cold-flushed with the sim- exhibited significantly lower levels of CCr (19 
 4.6 mL/
plified IC and EC solutions (IC and EC groups) devel- min, N  12) that those of uninephrectomized pigs
oped acute renal failure with no urine production (114 
 12 mL/min, N  6) or pigs from the WIR (65 

(PCr 	1800 mol/L) and died between post-operative 11 mL/min, N  5), ICPEG (40 
 4.6, N  12) and
days 7 and 14. In sharp contrast, survival was 100% in ECPEG groups (43 
 4.7, N  12; Fig. 1). The levels
the IC-PEG and ECPEG groups of animals autotrans- of CCr from pigs autotransplanted using the ECPEG solu-
planted with kidneys cold-flushed with the PEG-supple- tion (112 
 16 mL/min) were not significantly different
mented IC and EC solutions. Four animals were ex- from that of uninephrectomized pigs (133 
 16 mL/min)
cluded from this study: one from the ECPEG group or from pigs of the WIR control group (135 
 18 mL/
because of the occurrence of renal vein thrombosis; two min), but were significantly higher than that of the UW
from the UW group because of ureteric obstruction (1) (40 
 9 mL/min) and ICPEG (67 
 12 mL/min) groups
and renal artery thrombosis (1) and one of the ICPEG 12 weeks after surgery (Fig. 1). FENa measured over 12
weeks following surgery soon decreased in all groups ofgroup because of ureteric obstruction.
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observed in the ECPEG group were not significantly
different from that of the warm ischemic/reperfused
control (WIR) group. Ultrastructural analysis of proxi-
mal tubule cells from the kidney cold-flushed with the
ECPEG solution also showed well-preserved cellular
and apical brush-borders (Fig. 3F). TUNEL assays, used
to detect fragmented nuclear DNA and electron micros-
copy, were performed on the 7-day post-operative pig
kidney biopsy samples. Due to the particular sensitivity
of the pigs to anesthesia, no renal biopsy was performed
during the first one to six days after surgery. The TUNEL
assay did not detect any fragmented nuclear DNA in
Fig. 2. Effects of PEG on functional parameters from autotransplanted tubular cells from day-7 post-transplanted kidneys from
pig kidneys. Fractional sodium excretion (FENa) (A ) and proteinuria the UW group (Fig. 3H). However, electron microscopy(B ) were measured over 8 to 12 weeks following surgery on uninephrec-
revealed mild nuclear changes, with central vacuolizationtomized animals (), the remaining kidneys from uninephrectomized
animals subjected to warm ischemia (WIR, ) and on pigs autotrans- and/or incomplete peripheral condensation of the chro-
planted with kidneys cold-flushed with UW (), ICPEG () or ECPEG matin, in proximal tubule cells from day-7 post-trans-() solutions. Values are the mean
 SE from 4 to 12 separate measure-
planted kidneys from the UW group (Fig. 3I). Moreover,ments in each group.
adding PEG to the simplified preservation solutions sig-
nificantly reduced the percentage of proximal tubule nu-
clear changes (ICPEG, 14 
 1%; ECPEG, 10 
 0.7%)
autotransplanted pigs (Fig. 2A). FENa was always signifi- compared to that in the UW group (27 
 5%).
cantly higher in pigs autotransplanted using the UW
solution alone than in those autotransplanted with kid- PEG reduces the expression of MHC class II in
autotransplanted pig kidneysneys cold-flushed with PEG-supplemented IC or EC so-
lutions. Pigs from the ECPEG group exhibited the lowest The expression of MHC class II molecules was then
FENa values, similar to those of uninephrectomy and analyzed in the day-7 post-transplanted pig kidneys. Im-
WIR control groups (Fig. 2A). Proteinuria was also al- munohistochemical studies were performed on kidney
ways lower with kidneys cold-flushed with the PEG- biopsy samples using the MCA1335 anti-MHC class-II-
supplemented IC or EC solutions than in those cold- DQ mAb. An intense MHC class-II staining in inflam-
flushed with the UW solution (Fig. 2B). matory infiltrating and tubule epithelial cells was de-
tected in the damaged day-7 post-transplanted kidneys
PEG preserves the cellular integrity of early initially cold-flushed with the simplified IC (Fig. 4B) or
post-transplanted kidneys EC solutions (not shown). Kidneys cold-flushed with the
Histological analysis of biopsy samples from the deep UW solution also exhibited peritubular inflammatory
cortex-outer medullary regions revealed striking differ- and epithelial tubule MHC class II positive cells (Fig.
ences in the cellular integrity of the day-7 post-trans- 4C). Collecting ducts (CD) from the UW group exhibited
planted kidneys (Fig. 3). Pre- or post-mortem analyses an uneven pattern of MCA1335 labeling (Fig. 4D). A
of the transplanted kidneys from the IC and EC groups small population of cells displayed cytoplasmic perinu-
revealed typical lesions of tubular necrosis, with cell clear staining, while most of the cells, perhaps corre-
debris in the tubular lumina of the kidneys cold-flushed sponding to principal cells, exhibited staining restricted
with the simplified IC and EC solutions alone (Fig. to the apical side of the cells. In sharp contrast, fewer
3 A, B). The kidneys cold-flushed with the UW solutions MHC class II positive infiltrative cells were detected in
exhibited some tubule cell lesions and some peritubu- the kidneys cold-flushed with the PEG-supplemented
lar cell infiltrates (Fig. 3C), whereas kidneys from the IC (Fig. 4E) and EC (Fig. 4F). The positive MCA1335
ICPEG and ECPEG groups were much better preserved staining was also far less marked in CD cells from the
(Fig. 3 D, E). Table 3 summarizes the degrees of cellular ECPEG and ICPEG groups (Fig. 4 E, F) than from the
damages of proximal tubule cells observed in the reper- UW groups (Fig. 2D). For comparison, the remaining
fused kidneys (30 min to 1 h) and 7 days after the auto- kidneys submitted to warm ischemia without cold preser-
transplantation. There were marked tubule cell lesions vation (WIR group) also exhibited MHC class II-positive
in the autotransplanted kidneys from the IC and EC infiltrative cells (Table 3), but the tubule epithelial cells
groups. There also were fewer cell lesions in autotrans- were almost not stained (Fig. 4G). The mouse anti-
planted kidneys from the ICPEG and ECPEG groups human HLA-DR M476 antibody yielded a fairly similar
than in those from the IC and EC and UW groups. pattern of tubule cell staining, but revealed heavily
stained peritubular cells in day-7 post-transplanted kid-Moreover, the score of the discrete tubule cell lesions
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Fig. 3. Effects of PEG on tissue preservation. Light microscopy photographs from deep cortex-outer medullary samples from biopsy performed
7 days after the autotransplantation of kidneys cold-flushed with the IC (A ) or EC (B ) simplified solutions, UW (C ), the PEG supplemented IC
(ICPEG, D ) or EC (ECPEG, E ) solutions. Kidneys cold-flushed with the IC, EC and to a lesser extent the UW solutions exhibited tubule cell
lesions and debris in the lumen of the tubule sections (*) and numerous mitotic figures (arrowheads). (F ) Typical electron micrograph of a kidney
from the ECPEG group showing the integrity of proximal tubule cells with densely packed apical microvilli. As positive control, numerous
TUNEL  cells were detected when tubules were incubated with TACs nuclease (G ). Although no TUNEL  cells were detected in tubule
sections from day-7 post-transplanted kidneys cold-flushed with the UW solution (H ), proximal tubule nuclei exhibited peripheral condensation
of chromatin (I ) (Bars: A-H  10 m; I  0.5 m).
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Table 3. Degree of proximal tubule cell lesions and interstitial edema in autotransplanted pig kidneys
Injury type
time WIR UW IC EC ICPEG ECPEG
Brush border lesions
30 min 3.0
0.3 3.6
0.1 4.6
0.3 4.4
0.1 3.3
0.2 2.0
0.1
day 7 3.2
0.4 3.4
0.1 4.9 
0.1 4.8
0.2 1.9
0.1 1.5
0.1
Apical vacuolization
30 min 1.8
0.2 2.2
0.2 4.3
0.2 3.8
0.2 1.7
0.1 1.4
0.2
day 7 1.2
0.2 1.5
0.2 3.4
0.4 3.3
0.3 1.2 
0.1 1.0 
0.1
Tubular necrosis
30 min 2.6
0.2 2.9
0.1 4.6
0.2 4.2
0.1 2.8
0.1 1.8
0.1
day 7 1.6
0.2 1.8
0.1 4.9
0.1 4.7
0.2 1.6
0.1 1.3
0.1
Mitochondria injury
30 min 2.2
0.2 2.9
0.1 3.9
0.3 3.4
0.2 2.6
0.1 1.8
0.3
day 7 1.8
0.4 2.3
0.1 4.2
0.2 3.7
0.2 2.1
0.1 1.2
0.1
Interstitial edema
30 min 2.0
0.3 2.5
0.2 2.9
0.1 2.6
0.3 2.4
0.2 1.9
0.1
day 7 1.6
0.2 1.8
0.1 2.3
0.2 1.9
0.2 1.9
0.1 1.7
0.1
Mean score
30 min 2.3
0.2 2.8
0.2 4.1
0.3a 3.7
0.3a 2.6
0.3 1.8
0.1a
Mean score
day 7 1.9
0.3 2.1
0.3 3.9
0.5a 3.7
0.5a 1.7
0.1 1.3
0.1a
The histologic lesions from early (30 min to 1 h) and day-7 post-transplanted pig kidneys were evaluated and given as a semiquantitative score (Methods). Brush
border lesions, apical vacuolization, tubular epithelial necrosis (characterized by swollen cells with granular cytoplasm and mitotic figures), mitochondrial injury
(characterized by mitochondrial swelling, rupture of inner and outer membranes and leakage of mitochondrial matrix into the cytoplasm) and interstitial edema
(defined by loosely textured appearence of connective tissue separating the tubules) were examined in light and electronmicroscopy studies. Values are means
SE
for all parameters analyzed.
aP  0.05 vs. UW and WIR values (Kruskall-Wallis test)
neys from the UW group (Fig. 4H). Although some peri- or ECPEG groups. As a result, the number of CD4
cells was always 4 to 6 times greater in week 2 post-tubular infiltrating inflammatory cells and endothelial
cells remained positively stained, almost no M476- operative kidneys from the UW group than in those from
the ICPEG and ECPEG groups, respectively. Thereaf-stained tubule cells were detected in kidneys cold-flushed
with the PEG-supplemented IC and EC solutions (Fig. ter, the number of CD4 cells remained significantly
higher (P 0.05) in week 4 and week 8 post-transplanted4 I, J). Semiquantitative analysis of MHC class II expres-
sion over the 12 weeks following surgery showed that kidneys from the UW group than in those from the
ICPEG and ECPEG groups (Fig. 5A, left panel). InPEG preferentially inhibit the overexpression of MHC
class II in epithelial tubule cells from autotransplanted contrast, the number of CD8 cells was much lower and
gradually increased to reach a plateau 4 weeks afterpig kidneys submitted to IRI but only partially prevented
the overexpression of MHC class II in endothelial and surgery (Fig. 5A, right panel). Like the CD4 cell count,
the number of CD8 cells was always significantly 1.5-infiltrative cells (Table 4).
to 2 times lower in week 2 to week 8 post-transplanted
PEG limits the infiltration of mononuclear cells in kidneys cold-flushed with the PEG-supplemented pres-
autotransplanted pig kidneys ervation solutions than in kidneys flushed with the UW
solution alone. This means that, concomitantly to reduc-Polyethylene glycol inhibits the stimulation of MHC
class II molecules, which are known to interact with ing the expression of MHC class II, PEG almost com-
pletely prevented the rapid influx of CD4 cells and, toCD4 T cells in the development of cell-mediated im-
mune injury [24], and so we wanted to determine whether a lesser extent, the influx of CD8 infiltrating cells.
A biphasic period of macrophage/monocyte infiltra-adding PEG to the simplified preservation solutions fully
or partially prevented the rapid influx of mononuclear tion occurred between 1 and 8 weeks after surgery. There
were significantly fewer MCA1218 labeled cells in kid-T cells.
Almost no infiltrating CD4 and CD8cells were de- neys from the ECPEG group than in those from the UW
and ICPEG groups (Fig. 5B). Thereafter, the numbertected in the remaining kidney from the WIR group only
submitted to warm ischemia (Fig. 5A). In contrast, the of MC1218 labeled cells decreased rapidly during the
second week after surgery, and then gradually increasednumber of CD4 cells increased rapidly for two weeks
after autotransplanting kidneys cold-stored in the UW again in the UW, ICPEG and ECPEG groups. The num-
ber of MC1218 labeled cells in the ECPEG groups wassolution and then slowed to plateau up to 8 weeks follow-
ing surgery (Fig. 5A, left panel). Only few infiltrating close to that of the WIR group. Like for the CD4 and
CD8 cells, the number of MCA1218 labeled cells wasCD4 cells were detected in the kidneys from the ICPEG
Fig. 4. MHC class II immunostaining in post-transplanted kidneys. Biopsy samples from day-7 post-transplanted kidneys were processed for
immunohistochemistry using the MCA1335 anti-porcine MHC class II-DQ antibody (A-G) or the M746 anti-human HLA-DR antibody (H-J).
Nuclei were counterstained with hematoxylin, except in D. As controls, swine lymph node cells (in red) were positively stained with the MCA1335
antibody (A). Kidneys cold-flushed with the IC (B) and UW (C) solutions exhibited intense, positive staining in peritubular infiltrating cells and
in epithelial tubule cells sections. CD sections from kidneys of the UW group displayed a diffuse cytoplasmic staining, mainly concentrated at the
apical side of the cells (arrowhead) (D). In contrast, kidneys from the ICPEG (E) and ECPEG (F) groups exhibited only faint tubule cell staining
and tubule sections from kidneys only subjected to warm ischemia (G) were not stained. Kidneys of the UW group also displayed intense M746
staining in the peritubular infiltrative and endothelial cells and some tubule cell sections (H). Kidneys from the ICPEG (I) and ECPEG (J) groups
exhibited some peritubular cell staining, but the tubule cell sections were not stained (Bars: A, C, D, H-J  50 m; B, E, G  20 m; F  10 m).
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Table 4. Semiquantitative analysis of MHC Class II expression
Week 1 Week 2 Weeks 4 to 6 Weeks 8 to 12
WIR group
Endothelial cells    
Tubular cells 0 to  0 0 0
Inflammatory cells    
UW group
Endothelial cells    
Tubular cells    0
Inflammatory cells    
IC group
Endothelial cells 
Tubular cells ATN to a
Inflammatory cells 
EC group
Endothelial cells 
Tubular cells ATN to a
Inflammatory cells 
ICPEG group
Endothelial cells    
Tubular cells   0 0
Inflammatory cells    
ECPEG group
Endothelial cells    
Tubular cells 0 to  0 0 0
Inflammatory cells    
The intensity of MHC class II DR-DQ imunostaining in tubule epithelial cells (mainly CD), endothelial and inflammatory cells was graded as follows: 0  no
staining;   faint staining;   moderate staining;   intense staining. In all cases, the overexpression of MHC class II preceeded the significant influx of
interstitial inflammatory cells.
a No detectable staining in pig kidney IC and EC groups exhibiting acute tubular necrosis
significantly lower in post-transplanted kidneys cold- A similar pattern of Picro sirius staining, although less
marked than in kidneys from the UW group, was ob-flushed with the ICPEG or ECPEG solutions than with
the UW solution alone (Fig. 5B). Consistent with these served in post-transplanted pig kidneys cold-flushed with
the simplified ICPEG solution (Fig. 8 D to F). Littlefindings, the expression of VCAM-1 in interstitial cells
and/or tubular basement membranes gradually increased or virtually no peritubular staining was observed in the
week-10 post-transplanted pig kidneys from the ECPEGin post-transplanted kidneys over the 12 weeks following
surgery (Fig. 6, upper panel), but was much more pro- group (Fig. 8 G to I).
nounced at the basal side of tubule cell sections from
the 8 to 12 weeks post-transplanted kidneys cold-stored
DISCUSSIONin the UW solution (Fig. 6A) than in those stored in the
The results from this study suggest that adding PEG toICPEG (Fig. 6B) or the ECPEG (Fig. 6C) solution.
simplified isoosmotic preservation solutions containing
Effects of PEG on the onset of interstitial fibrosis high levels of Na or K attenuates the inflammatory
injury due to IRI and considerably enhances the qualityTo find out whether PEG also could prevent the occur-
of autotransplanted pig kidneys.rence of interstitial fibrosis, biopsy samples were stained
Chronic transplant nephropathy linked to a variety ofwith Picro sirius. As shown in Figure 7, the percentage
factors [1, 25] is one of the main causes of late renalof fibrotic areas from the deep cortex-outer medulla was
allograft failure [26, 27]. IRI is one of the factors respon-always significantly greater in the week-4 to week-8 post-
sible for post-transplant acute tubular necrosis, alsotransplanted kidneys cold-flushed with the UW solution
known as delayed graft function (DGF). PEG forms athan in those cold-flushed with the ICPEG or ECPEG
hydrogel membrane coat that may be helpful for thesolutions. However, it must be noted that the percentage
cold preservation of tissues. We have shown that addingof fibrotic areas in post-transplanted kidneys from the
PEG to a K-enriched, intracellular-like solution sig-ICPEG and ECPEG groups were always significantly
nificantly increased the glomerular filtration rate, thehigher than in those of the WIR control group, which
fractional and total Na absorption and speeded up thewere not subjected to cold-ischemia (Fig. 7). Histological
restoration of adenosine 5-triphosphate (ATP) in reper-examinations of the week-10 post-transplanted kidneys
fused isolated rat kidneys than the UW and Euro-Collinsfrom the UW group revealed focal areas of interstitial
preservation solutions [12]. PEG helped to prevent oxi-fibrosis located around glomeruli (Fig. 8 A, B) and tubule
sections from the deep cortex-outer medulla (Fig. 8C). dative phosphorylation [12], and this was reflected by
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Fig. 6. Effects of PEG on VCAM-1 expression in post-transplanted
pig kidneys. Semiquantitative graded score of the immunostaining pro-
vided by the anti-VCAM1 mAb (0 none; mild;moderate;
 intense) in interstitial cells and/or tubular basement membranes
of post-transplanted kidneys from the UW, ICPEG and ECPEG groups.
(A-C ) VCAM-1 immunostaining performed on biopsy samples from
week-8 autotransplanted pigs with kidneys cold-flushed with UW (A),
ICPEG (B) or ECPEG (C) preservation solutions (Bar  10 m).
Fig. 5. Effects of PEG on infiltrating CD4 and CD8 cells and macro-
phages/monocytes. The number of positively stained CD4 and CD8
cells (A ) and macrophages/monocytes (B ) per surface area were
counted on biopsy samples from post-transplanted pig kidneys from
the WIR (), UW (), ICPEG () and ECPEG () groups. The
values reported are the mean 
 SE from 5 to 11 (for CD4 and CD8
cells) or 5 to 8 (for macrophages/monocytes) separate measurements.
*P  0.05, **P  0.01, ***P  0.001 vs. UW or WIR values (unpaired
t test).
the morphology of the reperfused autotransplanted pig
kidneys, which was much better preserved when kidneys
were cold-flushed with PEG-supplemented intra- or ex-
tracellular-like preservation solutions. One can question
whether the differences in osmolality between the dif-
Fig. 7. Effect of PEG on interstitial fibrosis in post-transplanted pigferent solutions used could have been responsible for
kidneys. The percentage of kidney areas displaying interstitial fibrosis
the poor preservation efficiency of the simplified IC and stained with Picro sirius was measured over several weeks following
warm ischemia without cold-storage (WIR, ) or after the autotrans-EC solutions. Although such an effect cannot be com-
plantation of kidneys cold-flushed either with UW (), ICPEG () orpletely excluded, nuclear magnetic resonance spectros-
ECPEG () preservation solutions. The values reported are the mean

copy studies performed on blood and urine samples have SE from 8 to 12 separate determinations. *P 0.05, ***P  0.001 vs.
UW or WIR values (unpaired t test).shown that PEG is rapidly eliminated after the reperfu-
sion of the cold-stored kidneys (unpublished data).
Experimental studies using rat models of warm isch-
emia have demonstrated that even brief arterial clamp- have shown that anoxia/reoxygenation stimulates endo-
ing of rat kidneys can initiate extensive cell loss through nuclease activity [30], a classical feature of apoptosis
a process of apoptosis, which continues for prolonged [31], without the onset of the morphologic features of
periods following reperfusion [28]. Moreover, proximal apoptosis. Only discrete images of nuclear shrinkage
tubule cells are more sensitive to anoxia than cells from with perinuclear condensations were detected in proxi-
the more distal parts of the renal tubule [29]. Using a mal tubule cells of kidneys from the UW, ICPEG and
ECPEG groups that did not develop acute renal failure.model of isolated rat proximal tubule cells, Ueda et al
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Fig. 8. Interstitial fibrosis in long-term post-transplanted kidneys. Biopsy samples from week-10 post-transplanted kidneys initially cold-flushed
with UW (A-C ), ICPEG (D-F ) or ECPEG (G-I ) solutions were stained with Picro sirius. Important focal interstitial fibrosis was detected in
kidneys from the UW group (A), mainly in areas of the deep cortex containing glomeruli (B) and in the outer medulla around tubule sections
from ascending limbs and CDs (* in C). Interstitial fibrosis decreased in kidneys from the ICPEG group (D) and even less marked in kidneys
from the ECPEG group (G). Only a faint staining was observed in deep cortex from kidneys of the ICPEG and ECPEG groups (E, H). and
almost no Picro sirius staining was detected around tubule sections from the outer medulla (F, I) (Bars, A, D, G  50 m; B, C, E, F, H, I  10 m).
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Since the biopsies were performed one week after sur- cular injury [38]. PEG impairs the influx of CD4 cells
gery, it is impossible to exclude the possibility that more observed in the 2-week post-transplanted kidneys cold-
pronounced lesions, including apoptosis, occurred in flushed with the UW solution and significantly reduces
early stages after surgery. Because PEG has been shown the delayed influx of macrophages-monocytes. This sug-
to reduce lipid peroxidation [11], it is possible that PEG gests that activation of the MHC class II interacting with
may also impair hydrogen peroxide-induced apoptosis CD4 cells is required for neutrophil infiltration into
in pig kidney epithelial cells. Nevertheless, the present post-ischemic retransplanted kidneys. T-cells are impor-
findings indicate that the rapid cold-flushing of kidneys tant mediators in renal IRI. Rabb et al showed that the
with a preservation solution containing PEG provides neutrophil infiltration is significantly reduced in post-
the kidney epithelial cells with good preservation against ischemic kidneys from CD4/CD8-knockout mice [39].
cold ischemia. Recently, Burnes et al demonstrated that mice deficient
The recruitment of MHC class II-positive leukocytes in CD4, but not CD8 T cells, are protected from post-
has been shown to initiate CD4 T cell activation by an ischemic ATN, and that the reconstitution with CD4-
indirect antigen presentation pathway [32, 33]. More- deficient mice with CD4 cells restores the post-ischemic
over, the up-regulation of MCH class II molecules and injury [40]. The adhesion of T cells (mainly CD4 cells
the number of dendritic cells increase the immunogenic- in the present study) to epithelial tubule cells expressing
ity of ischemic or transplanted kidneys [34, 35]. Penfield MHC class II (mainly CD cells in the present study)
et al showed that the injury due to the actual transplant certainly represents one of the major mechanisms re-
surgical procedures was sufficient per se to recruit inter- sponsible for DGF. Our current study shows that the
stitial MHC class II-expressing cells in a model of trans- transient expression of MHC class II molecules in paren-
planted Brown Norway (BN) kidneys into tolerant chymal epithelial tubule cells from the 7-day post-trans-
Lewis/BN F1 recipients [36]. These authors observed an planted damaged kidneys from the UW group is almost
increased expression of MHC class II molecules in some, undetectable in kidneys cold-flushed with the PEG-sup-
but not all, renal tubule cells from transplanted BN kid- plemented IC or EC solutions. Moreover, in pigs auto-
neys [36]. Immunohistochemical analysis of MHC class transplanted with kidneys cold-flushed with the PEG-
II expressing cells in post-transplanted pig kidney also supplemented solutions (particularly the ECPEG group)
reveals the presence of peritubular, interstitial MHC several renal parameters, including higher CCr and lowerclass II-expressing cells in kidneys initially cold-flushed proteinuria, were much better conserved than in those
with the UW solution, and also an unexpectedly high autotransplanted with kidneys cold-flushed with the clas-
expression of MCH class II molecules in all tubule cell sical UW preservation solution.
sections from the deep cortex-outer medulla, corre-
Tubulointerstitial inflammation and particularly leu-
sponding to proximal straight tubules, ascending limbs
kocyte infiltration, lead to the subsequent developmentand collecting duct (CD) cells. The MHC class II-immu-
of interstitial fibrosis. Autotransplanted pig kidneysnostaining was particularly intense and unevenly distrib-
seem to be quite susceptible to interstitial fibrosis. Thereuted in CD cells, an unexpected localization, which may
is a clear correlation between the degree of overexpres-be peculiar to pig kidneys. PEG, which preserves the
sion of MHC class II and CD4 infiltrating cells, themorphology and integrity of the tubule epithelial cells,
peritubular expression of VCAM-1 and the developmentalso prevented the influx of MHC class II-expressing
of interstitial fibrosis in autotransplanted pig kidneys.inflammatory cells and preferentially inhibited the over-
PEG also significantly reduces the extent of interstitialexpression of these molecules in epithelial tubule cells.
fibrosis, not only in areas containing glomeruli, but alsoSuch protective action appears rather specific, since al-
in the regions from the deep cortex and outer medullamost no MHC class II expression was detected in tubule
mainly consisting of late proximal tubules, ascendingcells from kidneys only subjected to warm ischemia.
limbs and CDs.However, the significance of an expression of MHC class
The beneficial action of PEG on renal functions wasII products by nonprofessional epithelial tubule renal
enhanced when it was added to the simplified extracellu-cells remains to be elucidated. Although epithelial cells
lar-like (EC) solution. Such a simplified preservation solu-alone are insufficient to induce immune renal injury,
tion should be probably improved by adding a range ofSinger et al showed that under particular circumstances,
molecules or compounds such as P-selectin ligands orcultured epithelial tubule cells are able to functionally
antibodies to adhesion molecules, or other pharmacologi-inactivate CD4 cells [37]. This suggests that at least in
cal additives such as trimetazidine [8], nitric oxide donors,vitro, epithelial cells expressing MHC class II may down-
superoxide dismutase or platelet-activating factor antago-regulate the autoimmune response within the kidney.
nists. The preservation of organs with PEG, which hasDragun et al have demonstrated that prolonged cold
been shown to be effective for liver, heart and small bowelpreservation in the absence of any immunological con-
flict enhances intragraft inflammatory response and vas- [13–15], therefore could be an attractive strategy for the
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solution containing polyethylene glycol: An immunosuppressivetransplantation of organs from marginal donors or organs
effect. Lancet 338:890, 1991
subjected to prolonged periods of cold ischemia. 14. Itasaka H, Burns W, Wicomb WN, et al: Modification of rejection
In conclusion, this study demonstrates that DGF by polyethylene glycol in small bowel transplantation. Transplanta-
tion 57:645–648, 1994caused by cold ischemia in the absence of alloreactivity
15. Tokunaga Y, Wicomb WN, Garcia-Kennedy R, et al: The immu-is closely linked to the up-regulation of MHC class II nosuppressive effect of polyethylene glycol in a flush solution for
molecules and the activation of CD4 T cells. It also rat liver transplantation. Transplantation 54:756–758, 1992
16. Hauet T, Baumert H, Ben Amor I, et al: Protection of autotrans-provides the first demonstration, to our knowledge, that
planted pig kidneys from ischemia-reperfusion by polyethyleneadding PEG to preservation solutions reduces MHC glycol. Transplantation 70:1569–1575, 2000
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